Incorporating sea surface temperature into the stockrecruitment relationship: Applications to jack mackerel (Trachurus murphyi) off Chile Incorporando la temperatura superficial del mar en la relación stock-reclutamiento: Una aplicación para el jurel (Trachurus murphyi) en Chile
INTRODUCTION
One of the most critical challenges in modeling harvested populations is in determining the relationship between reproductive population size and that of its offspring. Several theoretical models have attempted to describe the functional relationship between spawning biomass and the resulting recruitment in following years (Ricker 1954 , Hilborn 1985 , Hilborn & Walters 1992 , Quinn & Deriso 1999 . However, the goodness-of-fit of such models is often limited, mainly as a consequence of: (i) short temporal extent of recruitment series data, which preclude its use for predictive models and generally prevents contrast among data points; (ii) the inclusion, in many cases, of compensatory or depensatory effects, which do not explain the high variability in recruitments; and (iii) theoretical models that are generally only focused on including densitydependent effects affecting recruitment, ruling out densityindependent processes (Walch 1986 ).
During recent decades, the idea that environment may impact the stock-recruitment relationship, suggesting that population dynamics may be better understood by proposing alternative formulations to the classical stock-recruitment models, has grown in popularity (Tyler & Crawford 1991 , Ware 1996 , Chen & Ware 1999 , Chen 2001 , Chen & Irvine 2001 , Levi et al. 2003 , Mikkelsen & Pedersen 2004 , Sinclair & Crawford 2005 . Different parameterizations of the classical stock-recruitment models (e.g., Beverton-Holt, Ricker) have revealed the need for including compensatory and/or depensatory effects stemming from the environment. Stocker et al. (1985) established a relationship between the herring (Clupea harengus) recruitment rate and SST in the Strait of Georgia, which shows a dome-shape functional form, while Jacobson & MacCall (1985) showed evidence of a non-linear form between reproductive success and average SST for the Pacific sardine (Sardinops sagax). Liermann & Hilborn (1997) developed a hierarchical Bayesian model in order to describe the probable distribution of depensatory effects in 4 different fish taxa. Myers et al. (1995) analyzed 129 fish stocks, searching for evidence of density-dependent effects, and found only 3 stocks with lower recruitment than that predicted by classical models. In spite of these advances, investigation on the re-formulation or expansion of stockrecruitment models, in order to allow for the incorporation of density-independent processes, has been scarce. That said, the inclusion of environmental variables into the stockrecruitment relationship has been done in 2 ways. The first involves a parametric approach, where the mathematical formulation of the recruitment model is expanded by including parameters with environmental connotations, as suggested by Loucks & Sutcliffe (1978) . The other corresponds to the conceptual re-formulation of the stock-recruitment relationship, allowing for a better representation of the observations (Chen & Ware 1999) .
Along the Chilean coast, the jack mackerel has been considered one the most important target fish for fisheries with catches ranging from around 1.3 to 4.4 million tons during the period from 1970 to 2000 (Arcos et al. 2001 , and the majority of which is caught by industrial purse-seiner fleets that operate in the central-southern area off Chile. The main spawning period of the jack mackerel throughout this wide distribution zone occurs in austral spring, from October to December (Arcos et al. 2001) . During this period, the jack mackerel spawn over a wide area in oceanic waters off central Chile (Cubillos et al. 2008) , known as the Subtropical Convergence Zone (SCZ). The SCZ, extends from the Chilean coast to between 150°W-160°W, with a sea surface temperature (SST) ranging between 15 and 19°C (Núñez et al. 2010) . During spawning, the relationship between egg density and SST was dome-shaped for all surveys taken from 1998-2001; egg densities were higher in waters where temperatures ranged between 14 and 19°C, and declined at higher SST (Cubillos et al. 2008) .The importance of SST as an environmental factor is widely recognized, as it is potentially capable of affecting inter-annual and multi-decadal fluctuations in fish abundance (Sissenwine 1984 , Schwartzlose et al. 1999 , Alheit & Bakun 2010 at different spatio-temporal scales (Alheit & Ñiquen 2004 , Bertrand et al. 2004 , Tourre et al. 2007 . Based on the above information, we hypothesize that changes in sea surface temperature might provide adequate habitat conditions for the eggs and larvae of jack mackerel, and consequently recruitment success.
In sum, this works aims to assess the incorporation of sea surface temperature (SST) into the stock-recruitment relationship, using both parametric and non-parametric approaches. These approaches have long been incorporated for other fish stock. A prominent example, Quinn & Deriso (1999) , introduced the average annual SST time series into their analysis, and showed that the extended Ricker model generalized to include this SST effect was statistically significant, with the best outcomes based on the sum of squared residuals and the goodness-of-fit values. The results of this and other studies have shown that using the annual SST time series as a co-variable increases the precision and predictive capacity of stock-recruitment models. We apply such approaches to incorporate SST into the stock-recruitment relationship for jack mackerel off Chile between 1970 and 2001. Previous jack mackerel studies have shown a strong relationship between the population dynamics and SST in the analysis of fish schools (Castillo et al. 1996) , catch rates (Yáñez et al. 1996) and the spatial distribution structure of eggs (Cubillos et al. 2008) . However, the incorporation of SST into the stock-recruitment relationship has not yet been explored along the Chilean coast.
MATERIALS AND METHODS
Recruitment and spawning stock biomass data were obtained from the results of the jack mackerel (Trachurus murphyi) stock assessment models carried out in 2001 (Serra et al.
2002) 1 . The stock assessment is based on a statistical catchat-age model considering the following information: age composition of the catch, age composition of acoustic survey, and total landing. The stock assessment model was calibrated by abundance indexes derived from the standardization of the catch per unit effort, acoustic biomass index surveys (Córdova et al. 2002 ) 2 , and egg production indices (Cubillos et al. 2002) 3 . We considered these data sets since they represent the cycle of low to high jack mackerel production recorded for the 1970 to 2001 period (Arcos et al. 2001) . Is important to note that, controls on fishing were implemented in 1997, for which there has been a drastic reduction and restructuring of the industrial purse seiner fleet off Chile since then. Annual SST time series were collected from the meteorological stations placed along the Chilean coast by the Centro Nacional de Datos Hidrográficos y Oceanográficos de Chile (CENDHOC). The data sets had been previously assessed using correlations and smoothing techniques (Green & Silverman 1994).
EXTENDED RICKER MODELS
A method generally used in fisheries to relate mature populations (S) with the recruitment abundance (R) at any given time t, was suggested by Ricker (1975) , who proposed an exponential functional relationship of the form:
(1)
where a and b are describe population productivity at low density and capacity limited by density-dependence, respectively. We assume log-normally distributed recruitment, then (2) where is the response (y t ) of the linear model that represents the recruitment rate per unit of spawning biomass, and  t is the Gaussian error, such that  t~N (0,  2 ) (hereafter, this model will be called the Ricker model, or RM ( 3) where Z it with represents the environmental variables measured at time t.
Equation (3) can be expressed in terms of linear regression as follows: (4) where y t corresponds to the response vector, which in population theory represents an approximation to the population productivity, = (a, -b) T , and represents the vectors for biological and spawning biomass parameters while  = (c 1 , …, c k ) T and z t = (Z 1,t , …, Z k,t ) are the values for a group of k parameters and predictors associated with environmental effects. It is assumed that predictions spread around an additive error of the form  t~N (0,  2 I), where I is the identity matrix for the group of parameters.
Although the ERM parameter (eq. 4) can be estimated using multiple linear regression, a number of relevant works (Hilborn 1985 , Jacobson & MacCall 1985 , Stocker et al. 1985 , Fargo & McKinnell 1989 , Chen & Irvine 2001 have shown that the relation between y t and z t may take different functional forms that clearly fail the assumption of log-linearity.
NON-PARAMETRIC RICKER MODEL
A proper and elegant form for relaxing the log-linearity assumption between y t and z t is the implementation of a nonparametric function, let us say g(·) for the co-variables z t included in the ERM such that z t  g(z t ). Thus, the vector z t = (Z 1,t , …, Z k,t ) may be represented in an additive form through which defines a group of functions g(·) that may be solved non-parametrically and thus avoid the use of parameter vectors such as  = (c 1 , …, c k ). Following the formulation suggested by Chen & Irvine (2001), the ERM can be re-written as: 
where g(z t ) is the non-parametric term, for which in the theoretical approach of Generalized Additive Models (GAM) is commonly used as smoothing technique. The conceptualization of equation (eq. 5) includes two components, where the first involves a parametric term equivalent to the right side of the RM, while the second corresponds to a non-parametric term g(·) that represents the environmental variables. Thus, this formulation represents a semi-parametric version of the Ricker model (hereafter, SPRM). Hilborn & Walters (1992) showed that when  ~N (0,  2 ). Therefore, the stock-recruitment function of the RM or ERM should not be described by the group of parameters  in a real scale (for details see Hilborn 1985) . Thus, after a mathematical generalization of SPRM, we obtain,
degrees of freedom of the smoother. Statistical analyses and figures were implemented using R programming language and statistical computation (R Development Core Team 2012) 1 .
RESULTS
Exploration of the R and SST time series reveals an important degree of correlation, which is mainly explained by the trend changes occurring between 1984 and 2000. This period was characterized by a reduction of close to 50% in the recruitment and observed SST (Fig. 1) . On the other hand, after assessing the annual productivity of the jack mackerel population, y t (eq. 3), it becomes obvious that a linear assumption between y t and SST is inadequate (Fig. 2a ). In this context, a significant improvement (F= 4.73, P < 0.005) was found after implementing a non-linear relationship (Fig. 2b ). Furthermore, Figure 2 suggests that SST is a suitable predictor of the inter-annual variations of y t , with an increase of 1.19 units of stock productivity per each increase in unit of SST. Additionally, the effects of SST on y t are clearly positive for results exceeding 13°C, a range of values for which the maximum increases in stock productivity are reached (Fig. 1) . However, effects on y t for SST below 13°C are lower, and tend to predict low recruitments. The implementation of ERM (eq. 3) with the incorporation of SST as a co-variable is statistically better than RM alone (F = 26.35, P < 0.005, Table 1 ), meaning that SST is a suitable predictor for the stock-recruitment model. In fact, when SST is parametrically incorporated into the ERM, the sum of squared residuals (SSR) is reduced to some 30% of the SSR of the RM (Table 1) . Notwithstanding, exploratory analysis showed that a linear assumption with ERM for SST was unsatisfactory when compared to a non-linear model (Fig. 2) . This became evident after exploring SPRM results (eq. 5), which significantly exceed the goodness-of-fit for linear models of RM and ERM. Indeed, the determination coefficient for the SPRM is r 2 = 0.90, a value which is notably superior to the r 2 = 0.5 of the RM, and slightly improves on the ERM value r 2 = 0.83 (Table 1 ). In addition, when non-parametric functions are introduced for both predictors, the SPRM fit (eq. 6) becomes statistically significant (F= 5.01, P < 0.005), with a determination coefficient close to 0.95. Although this increase in the goodness-of-fit of the SPRM is associated with a reduction to eight degrees of freedom (Table   1) , making this model one of the best candidates to reproduce the inter-annual variation of y t , it also implies significant difficulty regarding the biological interpretation of the predictor x t and the vector of parameter = (a,-b) T . Regarding the biological interpretation, all models showed very similar and statistically significant (F = 37.48, P < 0.005) density-dependent parameters (bS t eq. 2). This situation was expected as this parameter is directly related to the population productivity. In contrast, the results show different values for the density-independent parameter (a, eq. 2), a situation consistent with the intercept changes assumed for each structure of the models described in the preceding section. In general, the residual distributions for the models incorporating SST as environmental co-variable are close to a normal distribution (Fig.  3) . This result was statistically confirmed by applying the Kolmogorov-Smirnov tests to the ERM (F = 0.28, P < 0.05), SPRM (F = 0.32, P < 0.05) and NPRM (F = 0.38, P < 0.05), thus ensuring that SST incorporation in the models satisfies the normality assumptions.
DISCUSSION
Recruitment variations have been consistently attributed to environmental changes or variations in the reproductive stock at different temporal and spatial scales (Sissenwine 1984 , Schwartzlose et al. 1999 , Alheit & Ñiquen 2004 , Bertrand et al. 2004 , Tourre et al. 2007 , Alheit & Bakun 2010 . Disentangling such effects is difficult, as recruitment generally presents high variability combined with short time series for available data (Planque & Frédou 1999) . In this work, the effect of each factor was isolated with a combination of functions that included or excluded a parametric relationship for both environmental and productive factors. We believe that the parametric selection of a function does not depend only on the statistical goodness-of-fit; rather, the selection of a parametric function involves the acceptance of a causal mechanism between the modeled variables, while the non-parametric functions provide only a phenomenological description of the relationship between variables (modeling the data without a causal explanation). The results indicate that the inclusion of SST is significant in a parametric model (ERM); and when it is included in non-parametric form (SPRM and NPRM), the explanation of the total variance of the model increases. A similar situation is observed with the term of productivity, which increases the explanation of variance when it is modeled in a non-parametric form. However, when assessing the change in the variance explained after including non-parametric functions, the SST is more relevantly affected than is the population productivity, due to the non-linearity observed in the SST. In this context, the most parsimonious model for the stock-recruitment relationship of jack mackerel including SST is suggested, i.e., the semiparametric Ricker Model (SPRM). In this model, the productivity component is assumed to be parametric and resulting from a causal mechanism, while SST is modeled by non-parametric functions and does not account for any causeeffect mechanism for how SST might affect recruitments. The assumption of a completely non-parametric model precludes the interpretation of the relationship between productivity and recruitment. On the other hand, it is known that densitydependent mechanisms affecting recruitment are properly established and recognized in the theory of population renewal (Quinn & Deriso 1999) , while examples in which the environmental variable demonstrates a causal mechanism on recruitment are scarce (Wiff & Quiñones 2004) .
Environmental temperature has been pointed out as one of the main abiotic factors affecting practically all biological processes (Charnov & Gillooly 2004) . There are several studies where recruitment is associated with environmental temperature; however, many of them have only a descriptive character. Causal mechanisms may be modeled under the context of predictive functions, such as those presented in this work. The form in which SST affects recruitment has been suggested as an indirect mechanism, where SST acts as a proxy variable associated with marine productivity at lower trophic levels (Rothschild 1994) . Our results suggest that recruitment increases with SST and is graphically represented by a sigmoid-type function where the asymptotic recruitment is found at levels of 13.3°C of SST. Núñez et al. (2010) and Cubillos et al. (2008) have suggested that early stages of jack mackerel reproduction are associated with high SST isotherms, generally between 15º and 16°C. On the other hand, the same sigmoid relationship between SST and egg abundance for jack mackerel has been reported (Cubillos et al. 2008) . Although the mechanism relating the early stages of jack mackerel reproduction to SST has not been yet established, it has been indicated that the spawning process may be confined to the Subtropical Convergence Zone (Núñez et al. 2010) , which is a wide area in oceanic waters characterized by the presence of high gradients of temperature and salinity produced by the convergence and divergence of the sea surface currents that favor primary and secondary production (Olson & Backus 1985) . These strong thermal gradients can cause changes in the timing of peak spawning and may dislocate spawning away from traditional spawning grounds (Laevastu 1993 , Maravelias 1997 .
In this study, recruiters refer to two-year old fish, which positively recruit in relation to the mean SST of the studied area. Although both processes are associated with warm waters, the change in the scale shown by the recruitment and SST relationship compared to the relation between early reproductive stages and SST may be the result of the nature of the SST data. Here, we used the annual average of daily data obtained from Talcahuano bay, while the studies for early stages use the in situ mean SST. However, along the coast of South America, SST variability decreases poleward from subtropical latitudes and is mainly related to the ENSO cycle (Enfield & Allen 1980 , Montecinos et al. 2003 . In addition, high spatial correlations are found in the adjacent area along the coast of South America, located from 15°S to 35°S in relation to coastal time series (Montecinos et al. 2003) . In this context, and for this particular study, the coastal SST time series could be considered as a proxy variable for large oceanic jack mackerel spawning.
The causes associating early recruitment stages with SST are still unknown and further analysis is required, probably using complementary information allowing for approaches to the causal mechanism. The identification of causal mechanisms showing how environmental variables influence recruitment would be significant for the development of stock-recruitment models with predictive capacity. The latter may be particularly important for harvested populations, in as far as evidence emphasizes the need for direct efforts to incorporate environmental variability into standard biological-fisheries models (Wiff & Quiñones 2004) . Changes in population structures have been reported particularly for the reduction of those age classes associated with recruitment fluctuations and fishery exploitation (Marteinsdottir & Thorarinson 1998) and for the variation of intensity and spawning periods in relation to the individual body size (Kjesbu et al. 1996) . In this sense, Ottersen et al. (1994) have added that populations with a reduced composition of age spawn over smaller geographical areas and for shorter periods, thus making the population more sensitive to changes in the environmental conditions. Under such a scenario, it is plausible that strongly exploited populations, such as the jack mackerel off Chile, will show amplified responses to small and medium-scale spatial-temporal changes. Many authors have suggested that density-dependent processes controlling population renewal are weak (Goodyear & Christensen 1984) and, therefore, the recruitment variations over time respond to processes which are highly independent from the stock size.
Finally, since the population of jack mackerel is recovering from a condition of overfishing in an environmentally unfavorable (warm) climate, the fishing mortality for the stock assessments model should be adjusted to account for the predicted recruitment under current environmental climate conditions and spawning biomass. In addition, considerable improvements in the stock-recruitment relationship model modified by the inclusion of the environment variable could be made by incorporating first-order autocorrelation model for residuals; lagged effects of environmental variables; and the combined effects of multiple environmental variables, like salinity, surface mixer layer, chlorophyll, sea level anomalies, current surface fields, and many others. In concluding, we have shown the efficacy of incorporating environmental variables in order to improve recruitment prediction of jack mackerel off Chile. The usefulness of the models here implemented may have a direct influence on resource management, as they contribute towards obtaining less-biased abundance estimations. These estimates are probably more precise and involve better predictive capacity, as they simultaneously take into account the effects of fishing and those of the environment, which is particularly important as the effects of climate change continue to be a concern in management and policy.
